Abstract: Cosmic radiation has always been the most obvious barrier to planetary travels, especially in long-duration deep space exploration missions. Therefore, the reliability of satellite materials and the requirements of satellite miniaturization have received considerable attention. In this paper, the effect of γ-ray irradiation on the reliability of Sn50Pb49Sb1/Cu solder joints was investigated. It was found that the influence of γ-ray irradiation on the thickness and morphology of the intermetallic compound layer in Sn50Pb49Sb1/Cu was not obvious. However, the formation and growth of micro-voids and micro-cracks was observed in Pb-based solid solutions. Due to the Compton effect, the γ-ray photon could knock the electron out of its orbit, which created the energetic electron. The accumulation of dislocated atoms and lattice vacancies generated by energetic electrons could be the main factor that caused the formation of micro-voids and micro-cracks. The pull force of Sn50Pb49Sb1/Cu solder joints was reduced by 22% after being irradiated at the dose rate of 0.25 Gy(Si)/s for 960 h. Fractographic analysis showed that after irradiation, the fracture type of solder joints was still ductile but the ductility of the solder joints decreased with slightly inconspicuous dimples.
Introduction
Soldering plays an essential role in the manufacture of integrated circuits (IC), supporting the bonding of electrical conduction in integrated circuit interconnections between electrical components and printed circuit boards [1] . Due to a series of satellite processor failures induced by tin whiskers in solder joints, the reliability of electronic device solder joints has become a very important matter in electronic packaging in the past few decades [2, 3] . With the trend of increasingly finer pins, greater demands have been placed on reliable solders with excellent resistance to specific service conditions, especially those of satellites.
Human beings have been dawn to the glamour of the universe and stars for thousands of years, and they are the basis of mythologies and legends, but the universe intermingles glamour and danger. With scientific development, many spacecrafts have been launched since the last century, attempting to understand the origin and evolution of the universe. Cosmic radiation induced by the sun, supernovae and other galaxies, is seen as a risk factor for in-orbit satellites [4, 5] . Radiation particles including γ-ray photons, heavy ions and energetic electrons, could result in the performance drift and failure of electrical instruments, the majority of which is known as the total dose effect, single event effect and so on. According to the reports of National Aeronautics and Space Administration (NASA), the radiation dose rate of low earth-orbit satellites is usually 10-50 Gy(Si)/year, owing to the protection of the atmospheric layer and the magnetic field of the earth. However, for deep space satellites, the radiation dose may be remarkably increased due to the activity of the sun and other galaxies, such as solar storms and gamma ray bursts. Therefore, radiation-shielding components are currently applied to prevent in-orbit satellites from radiation damage [6] . Recently, a number of deep space exploration programs, including ExoMars of European Space Agency (ESA) and Solar Probe Plus of NASA, are in progress in order to explore vast, unknown areas of outer space. The developing trend for satellite miniaturization is proposed to meet the reliability and lightweight requirements of deep space exploration [7] [8] [9] . Therefore, investigations on the effect of cosmic radiation on satellite materials are utterly necessary for further research on the reliability and improvement of materials subjected to radiation, providing instructions and references for the fault-tolerant design of spacecrafts without radiation-shielding components.
Owing to its outstanding cryogenic performance, tin-lead (SnPb) solder is widely used in the aerospace industry, which is unrestricted by international legislation banning Pb application [10] . In this study, the microstructure and pull force of Sn50Pb49Sb1 solder joints subjected to γ-ray irradiation were investigated and the fracture morphologies of solder joints at various irradiation doses were analyzed.
Materials and Methods

Preparation of Specimens and Microstructure Observation
Sn50Pb49Sb1 solder alloy was prepared by smelting Sn, Cu and Sb metals with a purity of 99.9% in a vacuum resistant furnace and chilled to draw wire. The composition of the solder was tested by an inductively coupled plasma emission spectrometer (ICP-AES). Oxygen-free Cu was chosen as the substrate material, with the given size and cleaned surface. Sn50Pb49Sb1 solder alloy was soldered onto the Cu substrate by flux to prepare the solder joints. As the irradiation period was too long to carry out in situ observation, a few samples for microstructure observation were subjected to the following irradiation experiment. All samples were cut from the same solder joint to ensure the accuracy of the experiment. The microstructure of Sn50Pb49Sb1/Cu solder joints was observed using a scanning electron microscope (SEM) after grinding and polishing, and its chemical compositions were identified using an energy dispersive spectrometer (EDS).
Irradiation Treatment
The totally realistic simulation of a cosmic radiation environment, which is complicated and changing, is inaccessible on the earth. Therefore, 60 Co-γ source is applied to partly simulate the cosmic radiation environment to test the radiation-resistance of devices and materials [11, 12] . The absorbed dose is used to assess the irradiation dose that the specimens received. According to the Chinese Military Standard GJB 548B-2005 (test method military standard for microelectronics), all specimens were irradiated by 60 Co-γ source from 0 h to 960 h at the dose rate of 0.25 Gy(Si)/s, to study the effect of γ-ray irradiation on Sn50Pb49Sb1/Cu solder joints. The dose rate was checked using a dosimeter before the irradiation experiment, and the radiation medium was air. Although the attenuation of rays in an air environment might be increased in comparison to a vacuum, the attenuation of gamma rays induced by air in this experiment was negligible due to the low attenuation coefficient of gamma photons in the air.
Pull Tests
In order to investigate the strength evolution of Sn50Pb49Sb1/Cu solder joints subjected to γ-ray irradiation, quad flat packages (QFP48) were soldered onto printed circuit boards (PCB) by Sn50Pb49Sb1 solder alloy with flux. All QFP48 specimens were irradiated at various doses. Following this, pull tests were conducted with a joint strength tester (STR-1000), according to the Japanese Industry Standard JIS Z 3198-6 (Test Methods for Lead-free Solders-Part 6: Methods for 45 Degree Pull Test of Solder Joints on QFP Lead). The pin of QFP48 that was interconnected with the PCB by a Sn50Pb49Sb1 solder joint, was pulled up by a hook until the joint was snapped and the maximum pull force was collected to assess the strength of the solder joint, as shown in Figure 1 . Pull tests of solder joints at the same parameter were conducted five times and the average value and standard deviation were taken to assess the strength evolution of the Sn50Pb49Sb1 solder joint after irradiation. After the pull tests, the fracture morphology of the solder joints was analyzed by SEM and EDS. solder joints at the same parameter were conducted five times and the average value and standard deviation were taken to assess the strength evolution of the Sn50Pb49Sb1 solder joint after irradiation. After the pull tests, the fracture morphology of the solder joints was analyzed by SEM and EDS. 
Results and Discussion
Microstructure
The continuous intermetallic compound (IMC) layer, forming at the interface of the solder and Cu during the soldering process, is fundamental to the efficient metallurgical combination. However, the brittle IMC layer is sensitive to the service conditions and the performance of the solder joint is greatly determined by the thickness and morphology of the IMC layer [13] . Figure 2 shows the interfacial microstructure of the Sn50Pb49Sb1/Cu solder joint at different irradiation doses. According to Figure 2a and the results of the EDS analysis, a continuous Cu6Sn5 layer with a "saw tooth-like" morphology was observed at the interface of the as-soldered joint, which could lead to the conclusion that successful solder joints are prepared due to non-existent defects. As can be seen in Figure 2b , the thickness and morphology of the Sn50Pb49Sb1/Cu solder joint barely changed after being irradiated for 960 h, and the EDS results in Figure 2d show that the composition of the IMC layer was still Cu6Sn5. Therefore, the effect of γ-ray irradiation on the interfacial microstructure of the Sn50Pb49Sb1/Cu solder joint could be considered unapparent. 
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Pull Force
As can be seen from Figure 7 , the strength of the Sn50Pb49Sb1/Cu solder joint attenuated with the increasing irradiation dose. After being irradiated for 960 h, the pull force of the solder joint decreased by 22%. Compared with the preliminary stage of irradiation, the graph reveals a downward trend in the reduction rate of the pull force under a heavy dose of irradiation. The formation and expansion of micro-voids and micro-cracks induced by γ-ray irradiation, which are the generation source of cracks, increased the fracture risk of the joint with outer stress, and hence reduced the strength of the solder joint. The increasing accumulation of irradiation dose amassed displaced atoms and lattice vacancies in the Pb-based solid solution and both types of point defects were supersaturated after long-term γ-ray irradiation. This may increase the formation difficulty of new micro-defects due to the rising inner stress and, therefore, lead to a slowdown in strength decrement after a heavy dose of irradiation, as shown in Figure 7 . However, further research on the atomic scale is necessary to verify this discussion. 
Fracture Morphology
For the sake of understanding the failure behavior and characteristics of Sn50Pb49Sb1/Cu solder joints after γ-ray irradiation, fracture morphology was observed using SEM and EDS. The SEM images of the fracture morphology of joints at various irradiation times was carried out after pull tests, as shown in Figure 8 . The SEM fractography of the joints with three different irradiation times exhibited fracture surfaces with typical ductile dimples, which shows evidence of a great quantity of plastic deformation along the loading direction. It also demonstrates that the fracture type of Sn50Pb49Sb1/Cu solder joints is incapable of being changed by γ-ray irradiation, which is still a ductile fracture. Furthermore, as can be seen from Table 1 , the chemical composition of dimples in the solder joints before/after irradiation was mainly Sn and Pb. Hence, it could be inferred that the 
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Conclusions
In this study, the microstructure and performance evolution of Sn50Pb49Sb1/Cu solder joints exposed to γ-ray irradiation were investigated. γ-ray irradiation had little effect on the interfacial layer of solder joints, but the formation and expansion of micro-voids and micro-cracks were observed in the Pb-based solid solution during the irradiation process, which reduced the strength of the joint. Compared with the as-soldered joint, the pull force of the Sn50Pb49Sb1/Cu solder joint after 960 h irradiation decreased by 22%. In addition, γ-ray irradiation could not change the fracture type of the Sn50Pb49Sb1/Cu solder joint, however a slight decrement of ductility was observed after irradiation. The results of this paper are conducive to comprehending the reliability and sensitivity of solder joints under the cosmic radiation environment and provide references for the design and manufacture of future small satellites. As the actual service environment of satellites consists of cosmic radiation, extreme temperature variations and vibration, further investigations of the combined effect of the conditions mentioned above on the reliability of solder joints are necessary for the design of excellent solder alloys for use in deep space satellites. 
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